The phragmoplast, a plant-specific apparatus that mediates cytokinesis, mainly consists of microtubules (MTs) arranged in a bipolar fashion, such that their plus ends interdigitate at the equator. Membrane vesicles are thought to move along the MTs toward the equator and fuse to form the cell plate. Although several genes required for phragmoplast MT organization have been identified, the mechanisms that maintain the bipolarity of phragmoplasts remain poorly understood. Here, we show that engaging phragmoplast MTs in a bipolar fashion in protonemal cells of the moss Physcomitrella patens requires the conserved MT cross-linking protein MICROTUBULE-ASSOCIATED PROTEIN65 (MAP65). Simultaneous knockdown of the three MAP65s expressed in those cells severely compromised MT interdigitation at the phragmoplast equator after anaphase onset, resulting in the collapse of the phragmoplast in telophase. Cytokinetic vesicles initially localized to the anaphase midzone as normal but failed to further accumulate in the next several minutes, although the bipolarity of the MT array was preserved. Our data indicate that the presence of bipolar MT arrays is insufficient for vesicle accumulation at the equator and further suggest that MAP65-mediated MT interdigitation is a prerequisite for maintenance of bipolarity of the phragmoplast and accumulation and/or fusion of cell plate-destined vesicles at the equatorial plane.
INTRODUCTION
Cytokinesis distributes cytoplasm and the duplicated nuclear genome to the two resulting daughter cells. Cytokinesis requires the microtubule (MT)-based bipolar structure, referred to as the central spindle in animals or the phragmoplast in plants. These structures mainly consist of two opposing sets of MTs and assemble after sister chromatid separation in anaphase. The plus ends of phragmoplast and central spindle MTs point toward the cell equator, whereas the minus ends are located near the sister chromosomes. Given the structural similarity and conservation of the proteins localized to these machineries, the animal central spindle and the plant phragmoplast might be analogous structures (Otegui et al., 2005; Nakaoka et al., 2012) . The central spindle in animals serves as a signaling scaffold for the regulation of cytokinesis during positioning of the cleavage furrow and cell separation (Glotzer, 2009; Fededa and Gerlich, 2012) . In the phragmoplast in plants, vesicles and cell plate materials accumulate at the equator, possibly through motor-dependent transport along the phragmoplast MT (Lee et al., 2001; Otegui et al., 2001) . The manner in which the bipolarity of the phragmoplast is established and maintained, and how it ensures proper cytokinesis, remain unclear.
In mammalian cells, PROTEIN REGULATOR OF CYTOKINE-SIS1 (PRC1), a member of the MICROTUBULE-ASSOCIATED PROTEIN 65/Anaphase spindle elongation1 (MAP65/Ase1) family, functions as an antiparallel MT cross-linker that is required to establish and maintain the central spindle. Depletion of PRC1, the sole member of this protein family in mammalian cells, results in disorganization of the central spindle (Mollinari et al., 2002; Kurasawa et al., 2004; Zhu and Jiang, 2005) . In plants, functional and biochemical analyses of the nine-gene Arabidopsis thaliana MAP65 family found that the molecular activities and mitotic localizations of the Arabidopsis MAP65s vary considerably. Arabidopsis MAP65-1 , MAP65-3 (Ho et al., 2011 ), MAP65-4 (Fache et al., 2010 , and MAP65-5 (Gaillard et al., 2008) show in vitro MT crosslinking activity. MAP65-1, MAP65-3, and MAP65-5 selectively cross-link antiparallel MTs in vitro, similar to Schizosaccharomyces pombe and Saccharomyces cerevisiae Ase1 and animal PRC1 proteins (Gaillard et al., 2008; Ho et al., 2011) , but MAP65-4 shows no selectivity for MT polarity (Fache et al., 2010) . MAP65-3 localizes at the midzone from late anaphase until the end of mitosis and is involved in cytokinesis in root cells (Müller et al., 2004; Caillaud et al., 2008; Ho et al., 2011) . Loss of MAP65-3 causes disengagement of antiparallel MTs, resulting in the appearance of a wide gap in the phragmoplast midline (Müller et al., 2004; Caillaud et al., 2008; Ho et al., 2011) . However, absence of MAP65-3 does not affect the bipolar structure of the phragmoplast or the membrane trafficking required for cell plate formation (Ho et al., 2011) . These results imply that other MAP65 family proteins have functions that overlap with MAP65-3 function. In support of this notion, double mutants of MAP65-3 and MAP65-1 or MAP65-2 show a synergistic cytokinesis defect (Sasabe et al., 2011) . However, the basis of this effect is uncertain because unlike MAP65-3, green fluorescent protein (GFP)-tagged MAP65-1 and MAP65-2 distribute broadly on phragmoplast MTs rather than concentrating at the midzone in root cells (Lucas and Shaw, 2012) . A previous study described that MAP65-5 is localized to the phragmoplast equator (Smertenko et al., 2008) ; however, double-mutant studies will be required to establish redundancy in this process.
The Physcomitrella patens protonemata consist of chloronemal and caulonemal stem cells. These tip-growing cells undergo frequent cell division every 5 to 24 h and are suitable for imaging cell division using fluorescently labeled proteins and confocal microscopy (Hiwatashi et al., 2008; Nakaoka et al., 2012) . The high rate of homologous recombination in P. patens allows us to tag an endogenous protein expressed at its native locus with GFP or its variants (Cove et al., 2006) . Recently, we developed a conditional RNA interference (RNAi) system that allows us to induce knockdown of single or multiple genes at a desired time, and we used this to evaluate the effect of knocking down genes essential for cell division in caulonemal cells (Nakaoka et al., 2012) . Although P. patens protonemata lack some mitotic structures such as the preprophase band, P. patens and flowering plants have generally similar metaphase spindle and phragmoplast morphologies (Doonan et al., 1985 (Doonan et al., , 1987 Hiwatashi et al., 2008; Nakaoka et al., 2012) .
In this study, we investigated the function of MAP65 family genes in P. patens. We identified five MAP65s (MAP65a to MAP65e) in P. patens, three of which had expression in the protonemal cells (MAP65a to MAP65c). We demonstrate that MAP65a to MAP65c function redundantly in maintaining the bipolar arrangement of phragmoplast MTs. In the absence of MAP65a-c, cell plate materials failed to accumulate and/or be fused with each other, resulting in the failure of cytokinesis. Our study thus suggests that MAP65 is a prerequisite for phragmoplast MT cross-linking and cell plate formation in plant cells.
RESULTS

MAP65 Family in P. patens
A BLAST search showed that the P. patens genome encodes six genes homologous to MAP65/PRC1/Ase1. We cloned and sequenced the full-length cDNAs of these genes and verified that five of them encoded proteins homologous to MAP65. The genes encoding these proteins were designated MAP65a, MAP65b, MAP65c, MAP65d, and MAP65e. The sixth gene contained a premature stop codon and encoded a gene product containing an estimated 133 amino acids, which was much shorter than the other gene products (600 to 700 amino acids). We therefore eliminated this likely nonfunctional gene from further analysis. A phylogenetic comparison of the five P. patens genes with 12 MAP65 genes from other species showed that the plant MAP65 family consists of five distinct clades, which we named Groups A to E ( Figure 1A ). The P. patens MAP65s cogrouped with the singleton MAP65 of the liverwort Marchantia polymorpha ( Figure  1A , Group A). By contrast, the nine Arabidopsis MAP65s were highly divergent, and they were grouped into four distinct clades ( Figure 1A , Groups B to E). P. patens MAP65s were subdivided into two subgroups, which we named as Subgroup A1, containing MAP65a, MAP65b, and MAP65c, and Subgroup A2, containing MAP65d and MAP65e ( Figure 1A ). The amino acid sequences of MAP65a, MAP65b, and MAP65c were 71 to 80% identical, whereas those of MAP65d and MAP65e were 77% identical ( Figure 1B) .
We aligned amino acid sequences of P. patens MAP65a to MAP65e and Arabidopsis MAP65-1 and MAP65-3 proteins and compared the overall structure. Each MAP65 had a putative MT -binding domain and a dimerization domain (Subramanian et al., 2010; Subramanian et al., 2013) at a similar location ( Figure 1C ; see Supplemental Figure 1 online). The locations of the predicted coiled-coil region and the Cyclin-dependent kinase (Cdk1) phosphorylation site were also largely conserved ( Figure 1C ; see Supplemental Figure 1 online). Arabidopsis MAP65s have variable C-terminal tail regions that determine MT binding affinity and MT polymerization activity (Smertenko et al., 2008) . Interestingly, P. patens MAP65a to MAP65e also have tail regions that are partially homologous to that of either Arabidopsis MAP65-1 or MAP65-3 (see Supplemental Figure 1 online).
MAP65a, MAP65b, and MAP65c Localize in the Spindle/Phragmoplast Midzone in Protonemal Cells
To investigate the intracellular localization of MAP65s, we fused Citrine, a yellow fluorescent protein variant (Griesbeck et al., 2001) , to the C terminus of each endogenous MAP65 using homologous recombination (see Supplemental Figures 2 and 3 online). The lines obtained grew in a manner similar to wild-type P. patens. We performed time-lapse imaging of these lines in caulonemal apical cells to examine the dynamics of localization during cell division (Figure 2 ; see Supplemental Movie 1 online). Before nuclear envelope breakdown, MAP65a-Citrine, MAP65b-Citrine, and MAP65c-Citrine signals were detected at the apical side of the nucleus (0 min in Figure 2 ). After nuclear envelope breakdown, those signals accumulated in a region that appeared to correspond to the midzone of the spindle (5 and 10 min in Figure 2 ). This localization pattern persisted until the cytokinesis phase (12 to 42 min in Figure 2) . The Citrine signals moved toward the cell periphery as cytokinesis proceeded, in a manner reminiscent of cell plate expansion. By contrast, we failed to observe signals of MAP65d-Citrine and MAP65e-Citrine in protonemal cells. Consistent with this, immunoblotting using the anti-GFP antibody indicated that the expression level of these proteins was extremely low in the protonemata (see Supplemental Figures 4B and 4D online), whereas expression of MAP65d was detectable in extracts derived from gametophores (see Supplemental Figure 4C online).
To confirm that MAP65a to MAP65c accumulate at the midzone of the spindle and phragmoplast, we similarly tagged Citrine to endogenous MAP65s in the mCherry-a-tubulinexpressing line. We performed time-lapse imaging of these lines in caulonemal apical cells and secondary protonemal apical cells, which are both actively dividing cell types (Figure 3 ; see Supplemental Figure 5 and Supplemental Movies 2 and 3 online). In both cell types, the Citrine signals were weakly detected at the spindle midzone and strongly at the phragmoplast equator (Figures 3A to 3C ; compare 5 and 12 min). The signals moved toward the cell periphery as cytokinesis proceeded (see Supplemental Movies 2 and 3 online). The fluorescence intensities of mCherry and Citrine were quantified along the axis connecting the two poles in the phragmoplast MTs. We observed the strongest mCherry signal at the equator ( Figures 3D  to 3F ), which corresponds to the region enriched with the plus ends of overlapping MTs, as indicated by electron microscopy (Hiwatashi et al., 2008) . Fluorescent signals of MAP65a-Citrine, MAP65b-Citrine, and MAP65c-Citrine coincided with the highintensity mCherry signals, suggesting that MAP65s preferentially bind to the overlapping MTs in the phragmoplast of protonemal cells.
We also obtained MAP65d-Citrine/mCherry-a-tubulin and MAP65e-Citrine/mCherry-a-tubulin lines. Consistent with the single Citrine lines, we detected no Citrine signals in protonemal cells. However, time-lapse imaging in cytokinin-induced gametophore cells (Ashton et al., 1979; Cove et al., 2006) indicated that these fusion proteins localize at the phragmoplast equator (12 min in Supplemental Figure 6 online) then translocate toward the cell periphery as cytokinesis proceeds (see Supplemental Movie 4 online). These results suggest that all MAP65s in P. patens preferentially bind to antiparallel MTs in mitosis.
In earlier studies in Arabidopsis, localization of MAP65 was determined by N-terminal GFP tagging (Lucas et al., 2011; Lucas and Shaw, 2012) . We therefore also tagged Citrine to the N terminus of endogenous MAP65a-e in the line expressing mCherry-a-tubulin (see Supplemental Figure 7 online). Timelapse imaging of these lines in caulonemal apical cells showed that the mitotic localization of Citrine-MAP65a, Citrine-MAP65b, or Citrine-MAP65c is very similar to that of each C-terminal fusion protein (see Supplemental Figure 8 and Supplemental Movie 5 online). These data strongly suggest that localization revealed by Citrine tagging mimics endogenous MAP65 localization.
MAP65 Is Required for Phragmoplast Formation
To investigate the function of MAP65 in cell division, we generated transgenic P. patens lines containing integrated GFP-atubulin and histone H2B-mRFP (for monomeric red fluorescent protein) genes, in addition to an RNAi construct with which simultaneous RNAi-mediated knockdown of MAP65a, MAP65b, and MAP65c can be induced in protonemal cells. In this conditional RNAi system, addition of b-estradiol to the cultured medium induces production of double-stranded RNAs homologous to target genes (Nakaoka et al., 2012) . We selected three lines (lines 14, 17, and 21) in which b-estradiol-dependent knockdown of target mRNAs was confirmed by quantitative RT-PCR (40 to 80%; see Supplemental Figure 9A online). The RNAi construct could likely also target the highly homologous MAP65e gene (see Supplemental Figure 9C online); however, because MAP65e protein expression was undetectable in protonemal cells, we attributed the phenotype observed in these cells to MAP65a to MAP65c knockdown. We mainly used one of the transgenic RNAi lines (line 21) for subsequent phenotype analysis, in which significant mRNA knockdown was observed from day 1 ( Figure 4A ). However, similar phenotypes were observed for the other lines (see Supplemental Figure 9B online). Progression of mitosis and cytokinesis was observed using spinning-disc confocal microscopy in living caulonemal apical cells, as well as secondary protonemal apical cells in the control and triple knockdown lines (Figures 4 and 5 ; see Supplemental Movies 6 and 7 online). In all control cells that had no b-estradiol treatment, the phragmoplast appeared between reforming nuclei, and the GFP-tubulin signal showed a peak at the equator ( Figure 4B , 4 min [caulonemal apical cells; n = 20]; Figure 5A , 11.5 min [secondary protonemal apical cells; n = 25]). The phragmoplast subsequently expanded toward the cell periphery and MTs disappeared from the interior region, concomitant with cell plate formation ( Figure 4B , 17 min; Figure 5A , 24 min).
By contrast, when MAP65 RNAi knockdown was induced, two of 16 caulonemal and 19 of 41 secondary protonemal apical cells failed to separate into two daughter nuclei accompanying phragmoplast disorganization (Figures 4B and 5A ; see Supplemental Movies 6 and 7 online). Notably, we failed to observe intense GFP-tubulin fluorescence at the phragmoplast equator in these cells ( Figure 4B , 4 min; Figure 5A , 11.5 min), which we confirmed by fluorescence intensity profiling along the pole-to-pole axis of the phragmoplast MTs ( Figures 4C, 4D , 5B, and 5C). Moreover, the internal region of the phragmoplast lost MTs, and a hole was observed within the structure (7 min in Figure 4B and 17.5 min in Figure 5A ). This defect was detected at 7.3 6 1.2 min from the metaphase/anaphase transition in 17 out of 19 RNAi-treated cells analyzed. However, although MAP65a to MAP65c were found at the midzone equator throughout mitosis, the spindle shape was normal during metaphase and early anaphase (see Supplemental Movie 7 and Supplemental Figure 9D online; also analyzed in Figure 6 using a different marker protein). Consistent with this finding, the kinetic parameters of mitotic progression were not significantly different between control and RNAi-induced cells ( Figure 5D , nuclear envelope breakdown-to-anaphase onset, 9.0 6 1.0 min in control [n = 25] and 9.4 6 0.8 min after RNAi [n = 17], P > 0.1). The majority of the other 14 caulonemal and 22 secondary apical cells in which cytokinesis failure was not observed exhibited mild phragmoplast defects, possibly reflecting inefficient protein knockdown. These results suggest that loss of MAP65 in protonemal cells specifically impairs MT interdigitation at the phragmoplast equator.
To exclude the possibility that the observed cytokinesis defect is due to off-target effects of our RNAi construct, we ectopically expressed the Arabidopsis MAP65-3 gene or P. patens MAP65d gene in protonemal cells of the triple RNAi line using a constitutively active promoter. We confirmed insensitivity of Arabidopsis MAP65-3-CFP (for cyan fluorescent protein) and P. patens MAP65d-CFP proteins to RNAi treatment against P. patens MAP65a-c and found that they localize to the midzone of phragmoplast MTs (see Supplemental Figures 10A and 10D online). The cytokinesis defect, as assessed by the appearance of binucleated cells, was completely suppressed under this condition (see Supplemental Figures 10B and 10C online) . We further constructed genes encoding RNAi-insensitive P. patens MAP65a, MAP65b, and MAP65c, in which either end was tagged with CFP, and found that expression of each construct 
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The Plant Cell Figure 11 online). Considering these results, we conclude that MAP65a to MAP65c function redundantly in proper phragmoplast formation and are required for cytokinesis in P. patens protonemata.
MAP65 Is Required for Bipolar MT Organization in the Phragmoplast
Our GFP-tubulin data suggested that bipolarity of the phragmoplast is not maintained in the absence of MAP65a to MAP65c, which was not observed in the Arabidopsis MAP65-3 mutant (Müller et al., 2004; Caillaud et al., 2008; Ho et al., 2011) .
To test the involvement of MAP65a to MAP65c in bipolar arrangement of phragmoplast MTs, we generated a transgenic P. patens line expressing mCherry-a-tubulin and END-BINDING PROTEIN1 (EB1)-Citrine and further integrated inducible RNAi constructs for MAP65a to MAP65c, with EB1 serving as a marker of growing MT plus ends (Mahoney et al., 2006) . Control and RNAi-induced cells were imaged every 3 s and EB1-Citrine signals were traced using kymographs ( Figure 6 ; see Supplemental Movie 8 online; see Supplemental Figure 12 online for schematic drawing of the methodology). As expected, the phragmoplast MT array expanded toward the cell periphery at 17 min from nuclear envelope breakdown in the control secondary protonemal apical cell ( Figure 6C ), whereas phragmoplast MTs in the internal region disappeared at 17 min in the MAP65-depleted cells ( Figure 6D ). Kymograph analyses indicated that multiple EB1-Citrine comets moved toward the division plane at a rate of 5.5 6 1.2 µm/min (n = 37) in control cells ( Figures 6M to 6P ). By contrast, when RNAi was induced, EB1 movement toward the division plane was scarcely observed ( Figures 6Q to 6T) ; instead, many EB1-Citrine signals moved to the cell periphery at a rate comparable to that in control cells (5.7 6 1.2 µm/min [n = 43]; see Supplemental Movie 8 online). However, this defect was not observed at an earlier stage; at 12 to 16 min after nuclear envelope breakdown, many EB1 signals moved to the equator although MT interdigitation was compromised ( Figures 6A, 6B , and 6E to 6L). To quantify orientation of growing MTs, we measured the angles between the direction of moving EB1-Citrine signals and the axis perpendicular to the division plane using kymographs (see Supplemental Figure 12 online). In control cells, the angles between -40°and 40°were predominantly observed in both earlier and later time points. However, when MAP65a to MAP65c RNAi was induced, the low-angled population was drastically reduced at later stages (17 to 22 min after nuclear envelope breakdown; see Supplemental Figure 12D online). These results indicate that MAP65a to MAP65c are required for maintaining the bipolar arrangement of phragmoplast MTs during cytokinesis.
MAP65a-c Are Required for Cell Plate Formation
To investigate the basis for cytokinesis failure in MAP65a to MAP65c RNAi-induced cells, we performed time-lapse analyses of vesicle deposition to the cell plate during cytokinesis in secondary protonemal apical cells in the presence or absence of MAP65a to MAP65c (Figure 7 ; see Supplemental Movie 9 online). To this end, we stained cells with FM4-64 [N-(3-triethylammoniumpropyl)-4-(6-(4-diethylamino)phenyl)hexatrienyl pyridinium dibromide], a lipophilic styryl dye used as an endocytic marker, which is taken into the cell through endocytosis and then rapidly labels the forming and expanding cell plate (Dettmer et al., 2006; Chow et al., 2008) . In control cells, the FM4-64 signal first appeared at the phragmoplast midzone 3.5 min after anaphase onset, after which signals extended toward the parental cell walls over the next 11.5 min, during which the intensity gradually increased ( Figures 7A and 7B ). After RNAi induction, the FM4-64 signal appeared at the phragmoplast midzone with similar timing and intensity (P > 0.1, n = 6). However, there was little increase in signal intensity, and it became almost undetectable after 10 min, concomitant with disorganization of the phragmoplast MTs (i.e., appearance of the hole; Figures 7A and 7B ). These results suggest that MAP65 is not involved in the initial vesicle localization at the phragmoplast midzone but is essential for subsequent vesicle accumulation and/or fusion in the mature phragmoplast.
DISCUSSION
MAP65 Is Required for Bipolar Arrangement of Phragmoplast MTs in P. patens
In this study, we have shown that the bipolar arrangement of phragmoplast MTs is disrupted by knocking down MAP65a to MAP65c in protonemal cells of P. patens. In the absence of these proteins, we consistently observed failure of cytokinesis during division of secondary protonemal apical cells. We failed to observe highly intense GFP-tubulin signals at the phragmoplast equator in the absence of MAP65a to MAP65c, suggesting that MT interdigitation was significantly compromised. Given that the RNAi phenotype was rescued by ectopic expression of Arabidopsis MAP65-3, for which antiparallel MT cross-linking activity has been shown in vitro (Ho et al., 2011) , we speculate that MT interdigitation, bipolar phragmoplast arrangement, and cytokinesis are contingent upon the MT cross-linking activity of MAP65a to MAP65c. However, it is possible that additional factors also contribute to MT cross-linking. For example, the P. patens kinesins KINID1a and KINID1b localize to the phragmoplast equator, and intense GFP-tubulin signals at the phragmoplast equator are not observed in the absence of these genes (Hiwatashi et al., 2008) . However, the bipolarity of phragmoplast MTs is still maintained in the absence of KINID1a/1b, and cytokinesis failure is observed in only a subset of the cells. Since interactions between PRC1/Ase1 and several kinesin motors have been found in the central spindle of mammalian cells and in S. pombe and S. cerevisiae (Kurasawa et al., 2004; Zhu and Jiang, 2005; Janson et al., 2007; Bieling et al., 2010; Subramanian et al., 2010) , it will be interesting to identify the interaction between MAP65 and kinesin motors in the P. patens phragmoplast.
We observed weak signals of MAP65a-Citrine, MAP65b-Citrine, and MAP65c-Citrine at the midzone of the preanaphase spindle but failed to observe a defect in spindle bipolarity at this phase. This result suggests that establishment and maintenance of bipolarity in the preanaphase spindle are ensured by other proteins (e.g., kinesins), as is the case in animals or flowering plants (Bannigan et al., 2007) . Human PRC1 is negatively regulated by Polo-like kinase1 in preanaphase to prevent premature midzone formation, and targeting of Arabidopsis MAP65-1 to the metaphase spindle is also inhibited by Cdk1 (Mao et al., 2005; Hu et al., 2012) . Similar kinase-dependent regulation may be present in P. patens, possibly through the conserved Cdk1 site.
Our RNAi rescue experiments and localization analyses provides insight into the redundancy of MAP65 genes in P. patens and, albeit more speculatively, in Arabidopsis. The RNAi phenotype derived from triple MAP65a to MAP65c knockdown was suppressed by single MAP65a, MAP65b, and MAP65c expression, strongly suggesting that these genes, with their high sequence similarity, work redundantly for cytokinesis in protonemal cells. A similar level of rescue was observed by ectopically expressing MAP65d, which is normally not detectably expressed in protonemal cells, suggesting that this subfamily of MAP65 could also function as antiparallel MT bundling proteins. Consistent with this notion, we observed localization of MAP65d and MAP65e exclusively at the equator of phragmoplasts in gametophore cells. Thus, the functional divergence of MAP65s in P. patens appears smaller than in Arabidopsis, in which some homologs are more broadly distributed over the phragmoplast or bind to parallel MTs in vitro. Interestingly, suppression of the cytokinesis defect was also observed by expressing Arabidopsis MAP65-3, depletion of which in Arabidopsis did not give rise to phenotypes as severe as those observed in P. patens; phragmoplast MTs remain bipolar in the absence of MAP65-3 (Müller et al., 2004; Caillaud et al., 2008; Ho et al., 2011) . The data suggest that MAP65-3 is fully capable of interdigitating phragmoplast MTs in P. patens cells. Therefore, the milder phenotype caused by MAP65-3 deletion may be due 
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The Plant Cell (A) Time-lapse imaging of a secondary protonemal apical cell expressing GFP-a-tubulin, histone-mRFP, and FM4-64-stained membranes by spinning-disc confocal microscopy. Images were acquired every 30 s. Time 0 corresponds to the metaphase/anaphase transition. Note that histone-mRFP signals were reduced in the MAP65 RNAi-treated cells because we used the coknockdown system of the mRFP and target genes (Nakaoka et al., 2012) . Arrowheads indicate chromosomes marked by histone-mRFP (red) and FM4-64 signals at the equator (yellow). Bar = 10 mm. See also Supplemental Movie 9 online. (B) Mean fluorescence intensity of signals (a.u., arbitrary unit) derived from the FM4-64 dye at the division zone (6SE, n = 6). The difference between control and MAP65-knockdown cells was not significant at 3.5 and 4 min (P > 0.05 by a two-sided t test) but was significant from 4.5 to 15 min (P < 0.0002 by a two-sided t test).
(C) Model for the contribution of MAP65-mediated MT interdigitation to the formation of the cell plate. Top: In normal cells, the plus ends of phragmoplast MTs are interdigitated at the midzone by MAP65 (yellow) to form antiparallel MT overlaps. Cell plate-destined vesicles (red) accumulate at this region and fuse with each other to form the cell plate. Bottom: In MAP65-depleted cells, the vesicles fail to accumulate and/or fuse with each other at the midzone, where MT interdigitation is lacking.
[See online article for color version of this figure. ]
The Plant Cell to the presence of other functionally overlapping MAP65 genes in Arabidopsis (Sasabe et al., 2011) . However, another mutually nonexclusive possibility is that in Arabidopsis, a subset of phragmoplast MTs are anchored and stabilized by the cell plate assembly matrix independent of MAP65 (Austin et al., 2005) .
Vesicle Deposit Is Impaired in the Absence of MAP65a to MAP65c -Dependent Phragmoplast MT Interdigitation
Phragmoplast phenotypes reported for MAP65s, kinesins, or other MAP mutants in Arabidopsis are less severe in that the bipolarity of phragmoplasts is maintained in these mutants (Nishihama et al., 2002; Müller et al., 2004; Kawamura et al., 2006; Lee et al., 2007; Caillaud et al., 2008; Ho et al., 2011) . Our MAP65-knockdown system has therefore provided an opportunity to evaluate the importance of maintenance of the bipolar pattern of phragmoplast MTs for cytokinesis. Our FM4-64 data provide some initial insight into this issue. In control cells, the FM4-64 signal first appeared at the phragmoplast midzone ;3.5 min after the onset of anaphase, suggesting that the fusion of vesicles for cell plate formation starts at this time. In MAP65-depleted cells, the initiation of membrane deposition occurred at approximately the same time as in control cells. However, the signals did not increase as cytokinesis proceeded, even when the cells maintained the bipolar arrangement of phragmoplast MTs (;3 to 8 min). It was proposed that vesicles destined to form the cell plate are transported along polarized phragmoplast MTs to accumulate at the equator (Lee et al., 2001; Otegui et al., 2001; Jürgens, 2005; Otegui et al., 2005) . However, our data suggest that the presence of bipolar phragmoplast MTs is insufficient for the sustained accumulation of cell plate-destined vesicles and/or fusion at the division zone. On the other hand, MT interdigitation, as evidenced by a strong GFP-tubulin signal, was already undetectable at ;3 min in the absence of MAP65. We therefore propose that, in addition to directed transport, vesicle retention via a MAP65-dependent mechanism is critical for controlled cell plate growth ( Figure 7C ). It will be of interest to determine how MAP65 or other MAP65-associated proteins would stimulate such vesicle accumulation and/or fusion activity.
METHODS
Plant Materials and Culture Conditions
The wild-type strain of Physcomitrella patens subsp patens (Ashton and Cove, 1977) was used. BCDAT agar medium was used for regular culturing of protonemata at 25°C under continuous white light (Nishiyama et al., 2000) . Transformation was performed by the standard polyethylene glycol-mediated method, as previously described (Nishiyama et al., 2000) . The transgenic line expressing the human histone H2B-mRFP and GFP-a-tubulin proteins was used for transformation in the RNAi knockdown experiments (Nakaoka et al., 2012) .
Phylogenetic Analysis
The deduced encoded amino acid sequences of MAP65 in several plant species were aligned using MAFFT version 5.861 (Katoh et al., 2002) and then revised manually. After exclusion of short or redundant sequences, 389 amino acid residues were used to calculate the evolution distances for 17 genes using the JTT model (Jones et al., 1992) to construct a neighbor-joining tree by the MEGA5 program (Saitou and Nei, 1987) . The obtained tree was rooted using Saccharomyces cerevisiae Ase1p as the outgroup. Statistical support for internal branches by bootstrap analyses was calculated using 1000 replications. Numbers that indicate matching percentages (identity) among predicted amino acid sequences were determined with the Maximum Matching program in GENETYX-MAC version 11.2. 2 (GENETYX). MAP65 sequences used for the phylogenetic analysis are described in Supplemental Data Set 1 online.
Construction of Plasmids for Gene Targeting
The primers used for plasmid construction are shown in Supplemental Table 1 online. The schematics of the reporter knockin construct are shown in Supplemental Figures 2A, 3A , and 6A online. To generate MAP65-Citrine lines, genomic DNA sequences upstream and downstream of the stop codon were amplified with specific primers and cloned into the pCTRN-NPTII 2 vector (Hiwatashi et al., 2008) . To generate Citrine-MAP65 lines, we amplified genomic DNA sequences upstream and downstream of the start codon with specific primers and cloned into a pKK138 vector. The pKK138 vector was constructed from the pCTRN-NPTII 2 vector by removing the nos terminator and the neomycin phosphotransferase II expression cassette. EB1-Citrine was cloned into a vector that contains the 7113 promoter, which is a modified version of the canonical cauliflower mosaic virus 35S promoter (Mitsuhara et al., 1996) . The plasmid was integrated at a non-native locus by transformation of P. patens. The construct for inducible RNAi of three MAP65s was based on the pGG626 plasmid (Nakaoka et al., 2012) . mCherry-tubulin was expressed using the rice (Oryza sativa cv TAIPEI 309) actin 1 promoter (Zhang et al., 1991) . CFP, MAP65d-CFP, AtMAP65-3-CFP, RNAiinsensitive MAP65s-CFP, and RNAi-insensitive CFP-MAP65s were ectopically expressed using the constitutively active EF1a promoter.
RNA Extraction and Quantitative Real-Time RT-PCR
Total RNA was prepared from protonemal cells using the RNeasy plant mini kit with additional on-column DNase treatment (Qiagen). First-strand cDNA was synthesized using the PrimeScript II High-Fidelity RT-PCR kit (Takara). Quantitative real-time RT-PCR was performed in the presence of the double-stranded DNA-specific dye SYBR Green (model 7500; Applied Biosystems). The results were normalized using the results for the a-tubulin gene. The detailed methodology is described by Matsumura et al. (2009) . Primers used for the experiments are listed in Supplemental Table 1 online.
Immunoblotting
For MAP65-Citrine immunoblotting, 5-d-old protonemal cells and mature gametophore cells were rapidly frozen in liquid nitrogen. For MAP65-CFP immunoblotting, 3-d-old protonemal cells were rapidly frozen in liquid nitrogen. Protein extracts were prepared in extraction buffer (25 mM TrisHCl, pH 7.5, 10 mM EDTA, 10 mM EGTA, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, 1 mM phenylmethanesulfonyl fluoride, and 5 mg/mL each of leupeptin, chymostatin, pepstatin A, and aprotinin). Proteins in extracts were quantified with a protein assay kit (Bio-Rad SA) with BSA as the standard. Immunoblotting was performed using anti-GFP (JL8; Clontech), which also recognizes Citrine and CFP and anti-a-tubulin (DM1A; Sigma-Aldrich).
Rescue Assay Using Transient Expression
Rescue experiments were performed in the MAP65a-c RNAi line background (line #21) by transiently expressing RNAi-insensitive CFP-MAP65s and MAP65s-CFP. Protoplasts were transformed with plasmids encoding MAP65 in Physcomitrella patensthose genes or control vectors, which have the blasticidin S-resistant gene for selection, grown for 3 d on PRM plates, and transferred to BCD plates supplemented with blasticidin S for 5 d. The nucleotide sequences of RNAi insensitive MAP65a-c used in these experiments are listed in Supplemental Data Set 2 online.
Microscopy
Protonemal cells were cultured at 24 to 25°C on glass-bottom plates covered with BCD agar medium. To observe RNAi phenotypes, protonemal cells were cultured for 3 d in the presence of 1 mM b-estradiol. FM4-64 (Invitrogen) was solubilized in water at a concentration of 10 mM and diluted 1:1000 in the BCD medium. The diluted solution was added to the plate 5 min after an imaged cell broke its nuclear envelope. A Nikon TE2000 microscope equipped with a CSU-X1 spinning-disc confocal unit (Yokogawa) and an electron-multiplying charge-coupled device camera (ImagEM; Hamamatsu) were used for live imaging (3100, 1.40-numerical aperture [NA] lens). The microscope was controlled using Micromanager software. For calcofluor staining, cells were fixed with 8% formaldehyde in PME buffer (100 mM PIPES-NaOH, pH 6.8, 2.5 mM EGTA, pH 8.0, 1 mM MgCl 2 , 1% DMSO, and 0.1% Nonidet P-40) for 1 h and stained with PBS-T containing 0.005% of calcofluor, 1 mg/mL propidium iodide, and 10 mg/mL RNase A. A wide-field microscope (TE2000; Nikon) equipped with a motorized stage and a cooled charge-coupled device camera (Micromax; Roper) was used (320, 0.50-NA objective lens). CFP imaging in the rescue assay was performed with an Olympus FV1000 confocal microscope (3100, 1.40-NA lens).
Accession Numbers
Sequence data from this article can be found in Phytozome (http://www. phytozome.net/) under the following accession numbers: MAP65a (Pp1s11_105V6.1), MAP65b (Pp1s153_95V6.1), MAP65c (Pp1s135_55V6.1), MAP65d (Pp1s153_98V6.1), MAP65e (Pp1s135_53V6.1), EB1 (Pp1s49_111V6.1), and a-tubulin (Pp1s341_23V6.1).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure 1 . Alignment of the Amino Acid Sequences of P. patens MAP65a-e, Arabidopsis MAP65-1, and MAP65-3.
Supplemental Figure 2 . Construction of the MAP65a-Citrine, MAP65b-Citrine, and MAP65c-Citrine Replacement Lines. 
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